All experiments should be performed in an efficient fume cupboard; eye protection, gloves and a laboratory coat must be worn!
This experiment illustrates a common Friedel-Crafts acylation procedure for the preparation of monoacylated aromatic products. The reaction between thiophene (1) and chloropropionyl chloride allows the synthesis of 3-chloro-1-(thiophen-2-yl)propan-1-one (2) (Scheme 1S).
This aromatic electrophilic substitution allows the synthesis of an aromatic ketone from the reaction between an aromatic compound and an acyl chloride. This experiment requires a stoichiometric amount of the Lewis acid catalyst for the formation of stable acylium ions that rapidly reacts with aromatic compound. Under the conditions chosen it is possible to perform the acylation at low temperatures in a short time with high yields (the reaction can give up to 99% yield).
What is the mechanism for this reaction?
Equipment and chemicals -Round bottom flask (250 mL) -Magnetic stirrer and stirrer bar -Ice bath -Syringes -Trap (rubber, glass tube and kitasato) -Thiophene (1) [110-02-1] is flammable and highly corrosive in contact with skin, in contact with eyes causes serious damages, acute toxicity (oral, dermal, inhalation). -Dichloromethane [75-09-2] in contact with skin and eyes causes irritation, its inhalation or ingestion is harmful. -Chloropropionyl chloride [625-36-5] is highly corrosive in contact with skin, in contact with eyes causes serious damages, acute toxicity (oral, dermal, inhalation). -Aluminium Chloride [7446-70-0] is highly corrosive in contact with skin, in contact with eyes causes serious damages, reacts violently with water. -Hydrogen chloride [7647-01-0] is highly corrosive in contact with skin, in contact with eyes causes serious damages, acute toxicity (oral, dermal, inhalation). Equip a 250 mL round bottom flask under inert atmosphere with magnetic stirrer bar and a trap for absorving the gas evolved during reaction (see Figure 6S ). Place aluminium chloride (4.7 g, ? mmol, How many mmol are this?) and dry dichloromethane (50 mL) in the flask in an ice bath. Start the stirrer and add dropwise chloropropionyl chloride (3 mL, ? mmol, How many mmol are this?) through a syringe. The resulting suspension was allowed to stir at 0-5ºC for 10 min. before thiophene (2.38 mL, ? mmol, How many mmol, g are this?) dropwise addition through a syringe. The resulting orange solution was stirred at room temperature for 3 h.
Which gas evolves and why?
Check whether the reaction is complete. Use a TLC for this and compare your reaction mixture with your starting material. Iodine stain can be used to develop the TLC plate. How can you see by TLC that your reaction is finished?
When the reaction is complete, carefully dropped the reaction mixture into crushed ice (about 50 g) in a 250 mL flask. Pour the mixture into a separatory funnel, run off and discard the aqueous phase. The organic phase was collected and dried over Na 2 SO 4 . Make sure that some of Na 2 SO 4 that you added is still a light powder. Otherwise you have to add more. After 5 min. remove the Na 2 SO 4 by filtration. The solvent was then passed through a pad of celite/charcoal to remove any colour. Removal of the solvent under vacuo resulted in the title compound as a yellow pale oil (4.6 g, 90%). 1 H RMN (CDCl 3 , 300Mhz) δ 3.38 (2H, t, J AB =6.7, COCH 2 CH 2 Cl (AA'BB'), 3.89 (2H, t, J AB =6.7, COCH 2 CH 2 Cl (AA'BB'), 7.14 (1H, dd, J= 3.8, 4.9, thienyl H4), 7.67 (1H, d, J=3.8, thienyl H3), 7.73( 1H, dd, J=1.0, 3.8 thienyl H5) .
13 C RMN (CDCl 3 , 75Mhz) δ 38. 7, 42.0, 128.4, 132.5, 134.5, 143.8, 189.6 . TLC (hexane:ethyl acetate; 9:1), Rf = 0.387.
Reduction of 3-chloro-1-(thiophen-2-yl)propan-1-one (2)
This experiment illustrates the reduction of carbonyl compounds, aldehydes and ketones to alcohols in mild conditions. The reaction between 3-chloro-1-(thiophen-2-yl)propan-1-one (2) and NaBH 4 allows the synthesis of 3-chloro-1-(thiophen-2-yl)propan-1-ol (3) (Scheme 2S).
Scheme 1S. Synthesis of 3-chloro-1-(thiophen-2-yl)propan-1-one (2)
The reduction of aldehydes and ketones can be performed in the presence of lithium aluminium hydride (LiAlH 4 ) or sodium borohydride (NaBH 4 ). NaBH 4 does this reduction very well, and it is a lot easier to handle than LiAlH 4 . NaBH 4 will reduce only in protic solvents (usually ethanol, methanol or water) or in the presence of electrophilic cations such as Li + or Mg 2+ (LiBH 4 can be used in THF, for example). Under the conditions chosen it is possible to perform the reduction at room temperature in a short time with high yields (the reaction can give up to 99% yield).
What is the mechanism for this reaction?
Equipment and chemicals needed -Round bottom flask (100 mL) -Magnetic stirrer and stirrer bar -Ice bath -Thermometer -3-chloro-1-(thiophen-2-yl)propan-1-one (2) Equip a 100 mL round bottom flask with magnetic stirrer bar. Place 3-chloro-1-(thiophen-2-yl)propan-1-one (2) (3.5 g, ? mol, How many mol are this?) and ethanol (25 mL) in the flask in an ice bath. Start the stirrer and add sodium borohydride (1 eq. 0.75 g, ? mol How many mmol , g are this?) in small portions with constant stirring over a period of 10 min. maintaining the ice bath temperature at 0-5 ºC. The reaction mixture was stirred for 2 h. Check whether the reaction is complete. Use a TLC for this and compare your reaction mixture with your starting material. Phosphomolybdic acid stain can be used to develop the TLC plate.
The reaction was placed in a 250 mL beaker and stopped by slow addition of aqueous NH 4 Cl (50 mL). The reaction mixture was stirred for an additional 30 min. at room temperature. Pour the mixture into a separatory funnel and extract with CH 2 Cl 2 (3 × 30 mL). The organic phases were collected and dried over Na 2 SO 4 . Make sure that some of Na 2 SO 4 that you added is still a powder. Otherwise you have to add more. After 5 min. remove the Na 2 SO 4 by filtration. Removal of the solvent under vacuo resulted in a residue as a colourless oil.
By 1 H-NMR (CDCl 3 , 400MHz) and GC, the residue shows the presence of two compounds that cannot be efficiently separated either by chromatography or distillation.
Synthesis of 3-chloro-1-(thiophen-2-yl)propyl acetate (4)
This experiment illustrates the esterification of acid anhydride with different alcohols. The reaction between acetic anhydride and the residue obtained from experiment 2 (3-chloro-1-(thiophen-2-yl) propan-1-ol (3) and 1-(thiophen-2-yl)propan-1-ol (5)) allows the synthesis and isolation of 3-chloro-1-(thiophen-2-yl)propyl acetate (4) (Scheme 3S).
The preparation of esters from alcohols can be performed by three different ways: a) with acyl chloride; b) with acid anhydrides; c) with carboxylic acids. The acyl chloride method, is by far the most efficient and reactive one and is commonly used to make a few milligrams of esters. The reactions of acid anhydrides, using pyridine as a weak basic catalyst, are slower than the corresponding reactions with acyl chlorides, and usually the mixture need to be warm up.
The reactions of carboxylic acids are even slower that the previous ones. Since this reaction is reversible it is therefore necessary to ensure that the equilibrium is pushed towards the ester side by using an excess of alcohol or carboxylic acid. Alternatively, the reaction can be done in the presence of a dehydrating agent (concentrated sulfuric acid or silica gel, for example), or the water can be distilled out of the mixture as it forms.
Under the chosen conditions it is possible to perform the esterification at mild conditions in a short time with very good yields.
What is the mechanism for this reaction?
Equipment and chemicals needed -Round bottom flask (100 mL) -Magnetic stirrer and stirrer bar -Condenser -3-chloro-1-(thiophen-2-yl)propan-1-ol (3), unknown CAS, unknown Harzards, students should assume that compound is highly corrosive in contact with skin, in contact with eyes causes serious damages, acute toxicity (oral, dermal, inhalation). -1-(thiophen-2-yl)propan-1-ol (5), unknown CAS, unknown Harzards, students should assume that compound is highly corrosive in contact with skin, in contact with eyes causes serious damages, acute toxicity (oral, dermal, inhalation). -Pyridine [110-86-1] is flammable and highly corrosive in contact with skin, in contact with eyes causes serious damages, acute toxicity (oral, dermal, inhalation). -Acetic anhydride [108-24-7 ] is flammable and highly corrosive in contact with skin, in contact with eyes causes serious damages, acute toxicity (oral, dermal, inhalation). To the round flask containing the reaction mixture from experiment 2 (0.02 mol) was added Et 2 O (25 mL) and pyridine (0.04 mol, ? g, ? mL). How many g, mL are this? The mixture was stirred for 5 min. and acetic anhydride (0.03 mol, ? g, ? mL, How many g, mL are this?) added at room temperature. The reaction mixture was equipped with a condenser and the reaction refluxed for 2 h. Check whether the reaction is complete. Use a TLC for this and compare your reaction mixture with your starting material. Phosphomolybdic acid stain can be used to develop the TLC plate.
The reaction was cooled down, placed in a 250 mL beaker and stopped by addition of aqueous HCl 1 mol L -1 (50 mL). Pour the mixture into a separatory funnel, shake and remove the aqueous layer. Check the pH, it has to be acidic, why? If it is not, extract again the organic phase with aqueous HCl 1 mol L -1 (50 mL). Check the pH again. Repeat this process until the aqueous phase is acidic. The organic phase was neutralized with sodium bicarbonate saturated solution (50 mL). Be careful since a gas evolves and the pressure in the separatory funnel can therefore increase. Why? Check the pH, it has to be alkaline, why? If it is not, extract again the organic phase with sodium bicarbonate saturated solution (50mL). Remove the organic phase from the aqueous phase and dry over Na 2 SO 4 . Make sure that some of Na 2 SO 4 that you added is still a powder. Otherwise you have to add more. After 5 min. remove the Na 2 SO 4 by filtration. Removal of the solvent under vacuum resulted in a residue as a colourless oil.
The crude was analyzed by GC and purified by flash chromatography. In a beaker with 70 g (140 mL) silica gel add 500 mL hexanes:diethylether, 4:1 (v/v) and stir with a glass rod. Let the mixture reach room temperature again. Place a small piece of cotton ball inside the column close to the tap to avoid the silica run off. Pour the slurry mixture into the column, (tap open) and rinse the beaker with more solvent. Let the silica gel settle for a while and compact the silica by passing compressed air. Let the solvent run through the silica. Be careful pressure is formed inside the column. Do not let the column run dry under any circumstances. Refill the column with the eluted solvent and repeat this two more times. Carefully add a layer of sand 1 cm. This layer is crucial to avoid any silica disturbance. Let the solvent run through the sand layer until is just not covered anymore. Then add your product mixture (1 g) carefully with a Pasteur pipette. Add a few mL of the eluted solvent into the column, let it sink into the sand. Repeat this two more times. Refill the column with the elution solvent and collect the fractions in test tubes. Check by TLC the separation process. Collect the fractions of the desired product and evaporate the solvents. Figure 3S . Crude GC chromatogram for the esterification reaction 1.0 g residue was purified by flash chromatography (silica gel, hexanes:diethylether, 4:1 v/v), Rf = 0.46 to yield 72% of 4.
Column separation of 3-chloro-1-(thiophen-2-yl)propyl acetate (4)
1 H RMN (CDCl 3 , 400Mhz) δ 2.06 (3H, s, CH 3 ), 2.32 (1H, m, -CH 2 -), 2.48 (1H, m, -CH 2 -), 3.49 (1H, m, -CH 2 Cl), 3.57 (1H, m, -CH 2 Cl), 6.25(1H, q, J=6.1, -CHOCH 3 ), 6.98 (1H, dd, J=3.6; 5.0, thienyl H4), 7.09 (1H, m, thienyl H3), 7.28 (1H, m, thienyl H5).
Enzymatic resolution of 3-chloro-1-(thiophen-2-yl)propyl acetate (4)
This experiment illustrates an enzyme catalyzed kinetic resolution, namely the enzymatic hydrolysis of a racemic ester to form a chiral secondary alcohol (3).
Enzymatic kinetic resolution (EKR) of racemic alcohols, namely by lipases is a well-established methodology for the preparation of enantiomerically enriched precursors.
The EKR of secondary alcohols via esterification or hydrolysis has been extensively studied with a variety of different Lipases, taking advantage of their ability to discriminate between the two enantiomers present in the racemic mixture.
Candida antarctica lipase B (CAL-B) is one of the most effective catalysts in the resolution of alcohols, allowing the preparation of an important variety of optically active hydroxy compounds. The high stereoselectivity and simplicity of these processes make this strategy the most adequate for the resolution of secondary alcohols. The application of CAL B for kinetic resolution of esters to perform enantioselective hydrolysis in aqueous media can be carried out in mild conditions. Under the chosen conditions it is possible to perform the enzymatic hydrolysis at mild conditions in a short time with very good yields and enantiomeric excesses.
What is the mechanism for this reaction?
Equipment and chemicals needed -Plastic test tube (20 mL) -Magnetic stirrer and stirrer bar -3-chloro-1-(thiophen-2-yl)propyl acetate, unknown CAS, unknown Harzards, students should assume that compound is highly corrosive in contact with skin, in contact with eyes causes serious damages, acute toxicity (oral, dermal, inhalation). -Immobilized Candida Antarctica B (Novozym 435®) -0.1 M sodium phospahate buffer, pH 7.2 -Diethyl ether [60-29-7] is extremely flammable and volatile, acute toxicity (oral, dermal, inhalation). -Buchner funnel -Filter paper -Flasks (250 mL) -Funnel -Na 2 SO 4 [7757-82-6] -Round bottom flask (100 mL)
To the plastic test tube (20 mL) containing rac-3-chloro-1-(thiophen-2-yl)propyl acetate (4) (500 mg, ? mmol How many mol are this?) was added 10 mL of 0.1 mol L -1 sodium phospahate buffer pH 7.2. CAL B (200 mg) was added to the gently stirred two-phase mixture. The mixture was stirred for 2 days at 35 ºC. The reaction outcome can be followed by GC. Aliquot (100 uL) can be collected from reaction mixture, extracted with diethyl ether (3x0.5 mL), dry over Na 2 SO 4 , filtrate and analyzed by GC.
After 2 days the enzyme was filtered off with a Buchner funnel and washed with diethyl ether (3x10 mL). Pour the filtrate into a separatory funnel, shake and remove the organic layer. Extract the aqueous phase two more times with diethylether (30 mL).
Collect all the organic phases and dry over Na 2 SO 4 . Make sure that some of Na 2 SO 4 that you added is still a powder. Otherwise you have to add more. After 5 min. remove the Na 2 SO 4 by filtration. Removal of the solvent under vacuum resulted in a residue as a colourless oil.
The mixture was analyzed by GC. The reaction proceded with a conversion of 37%, 56% ee for (S)-4 and 95% ee for the (R)-3.
The products can be isolated by flash cromatography. 
Figure 4S. Enzymatic hydrolysis profile analyzed by GC
In a beaker with 35 g (70 mL) silica gel add 250 mL hexanes:diethylether, 4:1 (v/v) and stir with a glass rod. Let the mixture reach room temperature again. Place a small piece of cotton ball inside the column close to the tap to avoid the silica run off. Pour the slurry mixture into the column, (tap open) and rinse the beaker with more solvent. Let the silica gel settle for a while and compact the silica by passing compressed air. Let the solvent run through the silica. Be careful pressure is formed inside the column. Do not let the column run dry under any circumstances. Refill the column with the eluted solvent and repeat this two more times. Carefully add a layer of sand 1cm. This layer is crucial to avoid any silica disturbance. Let the solvent run through the sand layer until is just not covered anymore. Then add your product mixture (1 g) carefully with a Pasteur pipette. Add a few mL of the eluted solvent into the column, let it sink into the sand. Repeat this two more times. Refill the column with the elution solvent and collect the fractions in test tubes. Check by TLC the separation process. Collect the fractions of the desired product and evaporate the solvents. Compound (R)-3 isolated in 19% yield.
1 H RMN (CDCl 3 , 300Mhz) δ 2.20 (3H, m, -CH 2 -and OH), 3.51 (1H, m, -CH 2 Cl-), 3.68 (1H, m, -CH 2 Cl), 6.25 (1H, m, -CHOH), 6.93 (2H, m, thienyl H4 e H3), 7.20 (1H, m, thienyl H5).
13
C RMN (CDCl 3 , 75MHz) δ 41. 54, 41.63, 67.31, 124.25, 125.11, 126.94, 147.57 .
Hints for student discussion § Search in literature for other methodologies for enzymatic resolution of secondary alcohols. § Propose other stratagies (chemical or biological) to prepare (R)-3-chloro-1-(thiophen-2-yl)propan-1-ol. § Discussion of the expected effect of the reaction time, temperature on the ee and conversion. 
